; < = Protamines are the major nuclear proteins condensing DNA in the sperm nucleus. One of their proposed functions is the protection of the genetic message delivered by the sperm. To date, evidence of their involvement in DNA protection has been obtained by correlating the protamine P1/P2 ratio, protamine concentrations, or chromomycin A3 staining with DNA fragmentation. However, a correlation of the absolute protamine/DNA content with the DNA fragmentation in sperm from the same infertile patients as assessed with the comet assay has not been studied. Protamine/DNA ratios were calculated after protamine and DNA extraction, electrophoresis, and gel quantification of the protamines and DNA quantification in the sperm samples of 66 infertile patients before (native sample) and after a 2-step discontinuous PureSperm density gradient centrifuged (DGC) selection of the sperm. DNA fragmentation was assessed using the alkaline comet assay. In DGC sperm, the total protamine/DNA, P1/DNA, and P2/DNA ratios all correlated inversely with DNA damage in sperm from infertile patients. The detection of this inverse correlation between protamine/DNA ratios and DNA damage in DGC sperm adds support to the hypothesis that defective protamination is related to DNA damage in the clinically relevant subpopulation of sperm from infertile men.
P rotamines are the most abundant nuclear proteins present in the human sperm nucleus (Oliva and Dixon, 1991; Bianchi et al, 1992; Choi et al, 1997; Kramer et al, 1998; Steger et al, 2000; Aoki and Carrell, 2003; Lewis et al, 2003; Eirín-Ló pez et al, 2006; Oliva, 2006; Balhorn, 2007; Li et al, 2008; Oliva et al, 2008 Oliva et al, , 2009 Eirín-Ló pez and Ausió , 2009 ). Humans express 2 protamines: protamine 1 (P1), which is synthesized as a mature protein, and protamine 2 (P2), which is synthesized as a precursor (pre-P2) (Ammer et al, 1986; Gusse et al, 1986; McKay et al, 1986; Balhorn et al, 1987 Balhorn et al, , 1988 Sautière et al, 1988; Bianchi et al, 1992; Queralt et al, 1995; Yoshii et al, 2005; Torregrosa et al, 2006) . One of the proposed functions of protamines is the protection of the genetic message delivered by the sperm cell (Oliva and Dixon, 1990, 1991; Oliva, 2006; Balhorn, 2007) . It is well known that alterations in the P1/P2 ratio are present in infertile patients (Chevaillier et al, 1987; Balhorn et al, 1988; Bach et al, 1990; Blanchard et al, 1990; Belokopytova et al, 1993; Colleu et al, 1996; Bench et al, 1998; de Yebra et al, 1998; Mengual et al, 2003; Aoki et al, 2005a,b; Gá zquez et al, 2008; de Mateo et al, 2009 ). Higher levels of DNA fragmentation have also been demonstrated in sperm from infertile patients using a variety of assays including terminal deoxyribonucleotidyltransferase mediated dUTP-biotin nick end labeling (TUNEL), comet, sperm chromatin structure assay, and sperm chromatin dispersion (Sakkas et al, 2002; Lewis and Aitken, 2005; Aitken and de Iuliis, 2007; de Mateo et al, 2007; Lewis et al, 2008; Agarwal et al, 2009; Aitken et al, 2009; Zini and Sigman, 2009; Barratt et al, 2010) . Furthermore, a number of studies have demonstrated a correlation between abnormally altered P1/P2 ratios, protamine concentration, and indirect assessment of protamines with chromomycin A3 staining (CMA3) and increased DNA damage as evaluated by TUNEL, comet, or sperm chromatin structure assay, among other tests (Nasr-Esfahani et al, 2004a ,b, 2005 Ramos et al, 2004; Torregrosa et al, 2006; Zubkova and Robaire, 2006; Angelopoulou et al, 2007; Domínguez-Fandos et al, 2007; Plastira et al, 2007; O'Flaherty et al, 2008; Nili et al, 2009; Tarozzi et al, 2009; Tavalaee et al, 2009; Chiamchanya et al, 2010) . However, proof of the correlation of the absolute protamine/DNA content with DNA fragmentation as assessed using the comet assay in the clinically relevant density gradient centrifuged (DGC) fraction of sperm of infertile patients has not been investigated. Clarifying this point is also important to further our understanding of the function of the protamines and to explore the hypothesis that defective protamination is related to the increase in DNA damage observed in the sperm of infertile patients.
Materials and Methods

Patients and Sample Collection
Semen samples were obtained from 66 infertile patients attending the andrology laboratory of Queen's University Belfast, Ireland, following a recommended minimum of 3 days and maximum of 5 days of sexual abstinence. Because semen analysis is the first diagnostic test to be performed on couples investigating infertility, the reason for their infertility was, at this stage, unknown. Therefore, the studied clinical population may have included fertile men. All samples were subjected to a conventional light microscopic semen analysis, at room temperature after liquefaction and within 1 hour of ejaculation as according to World Health Organization (1999) recommendations. Liquefaction, semen volume, sperm concentration, total sperm output, motility, and morphology were determined. Only samples with total sperm count .20 6 10 6 were included to have sufficient material for protamine and DNA damage determination. The average and SD parameters of the selected samples were as follows: semen volume, 3.6 6 1.3 mL (range, 1-8 mL); sperm concentration, 80.0 6 10 6 6 47.5 6 10 6 sperm cells/mL (range, 7-200 6 10 6 ); sperm motility, 54.0% 6 17.1% (range, 12%-90%); and sperm morphology, 21.5% 6 10.5% normal forms (range, 0-50% normal forms). Samples were incubated at 37uC between a minimum of 30 minutes and a maximum of 4 hours until the commencement of the comet assay. Samples to be used in the protamine assays were centrifuged at 3000 rpm for 12 minutes, and the pellets were stored at 280uC until transported on dry ice using a 24-hour courier service from Belfast, Ireland to Barcelona, Spain.
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All patients gave written informed consent for participation in this study, and the project was approved by the Office for Research Ethics Committees in Northern Ireland, Royal Group Hospitals Trust Clinical Governance Committee, and Hospital Clinic of Barcelona.
Preparation of Samples
To obtain the DGC sperm, an aliquot of semen from the 66 patients was prepared using a 2-step discontinuous PureSperm gradient (90%-45%; Hunter Scientific Limited, Essex, United Kingdom). Briefly, the whole semen sample was layered on top of a 2 mL (90%) and 4 mL (45%) gradient and centrifuged at 250 6 g for 20 minutes. The resulting sperm pellets were washed with PureSperm wash (Hunter Scientific Limited) and concentrated by centrifugation at 250 6 g for 10 minutes.
DNA Fragmentation Assay
Nuclear DNA fragmentation was assessed using an alkaline single-cell gel electrophoresis (comet) assay measuring the percent of tail DNA damage, as previously modified by our group (Hughes et al, 1997; Donnelly et al, 1999) . The alkaline comet assay was chosen to measure DNA fragmentation because it is very sensitive. The range of sperm DNA damage determined using the alkaline comet assay varies from 0 to 100%, showing its capacity to identify sperm with both minimal or extensive DNA damage. The assay has recently been shown to have strong predictive capacity for pregnancy outcome and little overlap between fertile and infertile samples (Simon et al, 2010a,b) . In addition, unlike other tests, it requires only a few cells for analysis; hence, it is possible to use small aliquots to measure DNA damage. Briefly, aliquots of native semen and the DGC subpopulation were adjusted with PureSperm wash to give a sperm concentration of 6 6 10 6 mL
21
. Following the initial preparation of the sperm sample, all subsequent steps were carried out in a climate-controlled room (18uC) under yellow light, to prevent induced DNA damage. Our previous study reported an intraassay coefficient variation of 6% for this assay (Hughes et al, 1997) .
Extraction of Sperm Proteins
Aliquots of the native semen and DGC subpopulation containing 10 million spermatozoa were washed twice with Ham F10 16. The sediment was resuspended in 200 mL of 20 mM EDTA, 1 mM phenylmethyl sulfonylfluoride (SigmaAldrich, St Louis, Missouri), and 100 mM Tris-HCl (pH 8) and then processed as described elsewhere , except that no iodoacetate treatment was performed (Mengual et al, 2003; Torregrosa et al, 2006; de Mateo et al, 2009) . Each sample was resuspended in 14.3 mL of a sample buffer containing 5.5 M urea, 20% 2-mercaptoethanol, and 5% acetic acid. The sediment obtained after the extraction of nuclear proteins with 0.5 M HCl was used to quantify the DNA through 0.5 N perchloric acid hydrolysis (90uC for 20 minutes), and the absorbance was determined at 260 nm with NanoDrop ND-1000 spectrophotometer (NanoDrop Products, Wilmington, Delaware).
Separation and Analysis of Sperm Proteins
Nuclear proteins were analyzed in acid-urea polyacrylamide gels as described previously (Torregrosa et al, 2006) , except the staining of the gels was performed with EzBlue gel staining reagent (Sigma-Aldrich) following the manufacturer's instructions. In addition to the samples under analysis, different quantities of a human protamine standard from a pool of human normozoospermic sperm samples (0.435, 0.87, 1.74, and 2.61 mg) were also loaded into 4 separate lanes in each of the gels. This standard is available at our lab and had been prepared as previously described (Mengual et al, 2003 ). The stained gels were then scanned, and the intensity of the bands quantified with Quantity One software (Bio-Rad Laboratories, Hercules, California). A regression curve was obtained from the 4 different concentrations of protamine standard included in each gel, and the intensity of their bands was used to calculate the amount of P1 and P2 in the samples.
Statistical Analysis
Statistical analyses were performed using SPSS software, version 16.0 (SPSS Corp, Chicago, Illinois), and statistical tests were deemed significant at P , .05. A nonparametric Mann-Whitney test was used to detect differences in the average of quantitative variables (sperm count, P1/P2 ratio, protamine/DNA ratios, and DNA damage) between the native samples and DGC sperm (Table 1 ). The potential correlations between the DNA damage and the protamine/DNA ratios were initially evaluated in the native semen and DGC sperm using a nonparametric Spearman test (Figure 1 ). Subsequently, for the analysis shown in Table 2 , the patients were stratified according to the protamine/DNA ratios into abnormally low (lower quartile), medium (central quartiles), and abnormally high (upper quartile) categories. The DNA damage was stratified into 2 groups (#25% and .25%). The threshold according to DNA damage is based on a recent study in which male partners of infertile couples who presented with semen quality below World Health Organization criteria and had native sperm DNA fragmentation .25% by comet testing were found to have a high risk of male infertility with an odds ratio of 117 (confidence intervals, 12-2731) and a relative risk of 8.7 (4.5-17.0) (Simon et al, 2010b) . The incidence of significantly elevated DNA damage in each protamine/DNA category was then evaluated using a x 2 test (Table 2 ). The relation between the DNA damage and the P1/ P2 ratio in the patients stratified into abnormally low P1/P2 ratio (lower quartile), medium P1/P2 (central quartiles), and abnormally high P1/P2 ratio (upper quartile) was evaluated using a Mann-Whitney test (Figure 2) .
Results
DNA Fragmentation and Protamine Content in the Native Samples From Infertile Patients and the Effects of Sperm Preparation for Assisted Reproductive Technology
The average P1/P2, P1+P2/DNA, P1/DNA, and P2/DNA ratios and DNA fragmentation of the DGC sperm as compared with the native sample population are shown in Table 1 . Sperm preparation did not have any effect on the P1/P2 ratio and resulted in a small decrease in all protamine/DNA ratios (Table 1) . However, a marked and significant reduction of the percentage of DNA fragmentation was detected in the DGC sperm as compared with the native samples (33.1% 6 20.4% vs 46.0% 6 19.5%, respectively; Table 1 ). This result was confirmed if paired-sample statistics was performed comparing native and DGC sperm (the 2-tailed statistical significance for the DNA fragmentation was P , .001).
Correlation Between the Protamine/DNA and P1/P2 Ratios and DNA Damage in Native and DGC Sperm A scatter plot of the DNA damage present in native and DGC sperm from each infertile patient, as a function of the different protamine/DNA ratios, is shown in Figure 1 . No overall correlation was detected in the native samples. However, a significant negative correlation was detected between the percentage of DNA damage in DGC sperm samples of infertile patients with the P1+P2/DNA (both in mg) ratio (R 5 2.360; P , .005), P1/DNA ratio (R 5 2.380; P , .005), and P2/DNA ratio (R 5 2.326; P , .01).
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This result prompted us to stratify the patients according to protamine/DNA ratios into low (lower quartile), medium (central quartiles), and high (upper quartile) categories and according to their DNA damage into 2 groups (#25% and .25%). The overall inverse association detected in the DGC sperm between DNA damage and protamine/DNA ratio was further confirmed by detection of a significantly higher number of patients with increased DNA damage (.25%) in all of the lower quartile P1+P2/DNA, P1/DNA, and P2/DNA categories ( Table 2) . Stratification of the patients by motility and morphology did not change the results (data not shown).
Concerning the P1/P2 ratios in DGC sperm, the average DNA damage of infertile patients was significantly higher in the abnormally low P1/P2 ratio group compared with the group of patients with medium levels of P1/P2 ratio (Figure 2 
Discussion
In this article, we report that the total protamine/DNA, P1/DNA, and P2/DNA ratios, calculated after protamine and DNA extraction, electrophoresis, and quantification, all inversely correlate with DNA damage assessed by the alkaline comet assay in DGC sperm from infertile patients.
Determining whether a correlation between the protamine/DNA ratio and DNA damage exists in DGC sperm is relevant for its potential clinical applications and toward a better understanding of the fundamental function of the protamines. In fact, despite the knowledge that protamines are the most abundant nuclear proteins and have been known for more than a century, their function is still not completely understood (Miescher, 1874; Bloch, 1969; Ando et al, 1973; Calvin, 1976; Subirana, 1983; Mezquita, 1985; Oliva et al, 1988; Oliva and Dixon, 1991; Khara et al, 1997; WoutersTyrou et al, 1998; Dadoune, 2003; Oliva, 2006; Balhorn, 2007; Carrell et al, 2007; Martins and Krawetz, 2007; Bjö rndahl and Kvist, 2010; Miller et al, 2010) . So far, 3 main functions have been proposed for the protamines: 1) condensation and streamlining of the sperm nucleus, 2) protection of the male genome, and 3) involvement in the generation of an imprinted state of the paternal genome (Bloch, 1969; Ando et al, 1973; Calvin, 1976; Oliva and Dixon, 1991; Oliva, 1996; Balhorn, 2007) .
One of the most general aspects that can be observed in the scatter plots shown in Figure 1 is that there is a large variation both in the protamine/DNA ratios and DNA fragmentation in independent semen samples. This variation is consistent with that estimated from the sulfur and phosphorous content determined by particleinduced x-ray emission in individual sperm of a limited number of samples (Bench et al, 1998) . The large variation in the protamine/DNA results is also consisJournal of Andrology andr-32-03-14.3d 12/1/11 14:25:34 5 Cust # JANDROL/2010/011015 Figure 2 . DNA damage (%) in density gradient centrifuged sperm of infertile patients with abnormally low, medium, and abnormally high protamine 1 (P1)/P2 ratios. The Mann-Whitney test showed that DNA damage was significantly elevated in patients with abnormally low P1/P2 ratio as compared with patients with medium P1/P2 ratio (41.5% 6 15.6% [n 5 16] and 29.9% 6 20.8% [n 5 34], respectively; P , .05). Abbreviations: DGC, density gradient centrifuged; NS, nonsignificant.
* Lower quartile as compared with central quartile.
tent with the variation detected in the protamine concentration measured per cell in infertile patients (Aoki et al, 2005b) . Evidence for the presence of different sperm subpopulations is further supported by our results after DGC for which we have shown that the total protamine/ DNA, P1/DNA, and P2/DNA ratios all correlate inversely with DNA damage (Table 2; Figure 1A through C). These results are consistent with the evidence for a correlation between indirect sperm protamination assessment using CMA3 staining and DNA damage assessed using a variety of tests (Ramos et al, 2004; Nasr-Esfahani et al, 2005; Angelopoulou et al, 2007; Plastira et al, 2007; O'Flaherty et al, 2008; Chiamchanya et al, 2009; Nili et al, 2009; Tarozzi et al, 2009; Tavalaee et al, 2009 ). Our results are also consistent with the previously known correlation between the P1/P2 ratio, as a measure of protamine deregulation, and decreased DNA integrity (Figure 2 ; Aoki et al, 2005b Aoki et al, , 2006 Carrell et al, 2007 ). However, a major limitation of the P1/P2 ratio (Figure 2 ) is that it does not provide information on whether the presence of an altered ratio is due to a deregulation of P1, P2, or both protamines. Further, it does not provide information on the overall protamine content in the sperm cell. Thus, the present study clearly demonstrated in DGC sperm that a proportion of the infertile patient samples with abnormally high DNA damage, determined by comet, and that there is a significant decrease in both P1/DNA and P2/DNA ratios, also resulting in a overall decrease in the P1+P2/DNA ratio (Figure 1 ).
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The inverse correlation between the protamine/DNA ratio and DNA fragmentation measured by comet reported in the present study is also consistent with the inverse correlation between DNA fragmentation index and protamine concentration reported by Aoki et al (2005b) . Our data is consistent with the observation of a correlation between a lower thiol content in sperm determined using fluorochrome monobromobimane and decreased DNA integrity determined through TUNEL (Ramos et al, 2008) .
The demonstration of a correlation between decreased protamine/DNA ratios and increased DNA damage in DGC sperm from infertile patients is consistent with the hypothesis of protection as a protamine function. Also coherent with this hypothesis is the recent observation that protamine-induced DNA compaction shows effective radioprotection against double-strand breaks (Suzuki et al, 2009 ). Furthermore, it is known that protamine-insufficient mice are infertile and have increased DNA damage in the sperm cells (Cho et al, 2001 (Cho et al, , 2003 . Our results are also relevant to the 2-step hypothesis for the generation of damaged sperm in infertile patients (Aitken et al, 2007 (Aitken et al, , 2009 De Iuliis et al, 2009; Aitken and De Iuliis, 2010) . The first step would be a consequence of abnormalities in the correct nucleohistone to nucleoprotamine transition during spermiogenesis, resulting in abnormal protamination in the mature sperm cell and thus in a second step making the DNA more vulnerable to attack by oxidative stress, nucleases, or mutagens.
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This hypothesis was so far based on indirect evidence for protamine defects, which linked CMA3 staining or abnormal P1/P2 ratios with decreased DNA integrity (Aitken and de Iuliis, 2007; Aitken et al, 2009 ). Thus, the present demonstration of decreased protamine/ DNA ratios in some infertile patients with markedly damaged DNA provides further evidence for the plausibility of this hypothesis. Of course, alternative explanations for these associations remain possible, such as both the abnormal protamination and the DNA damage are each a consequence of abnormal spermiogenesis without one being the consequence of the other (Kierszenbaum, 2001; Leduc et al, 2008; Meyer-Ficca et al, 2009; Sakkas and Alvarez, 2010) .
The application of assisted reproduction procedures to select mature sperm with nondamaged DNA is important to minimize the generation of mutations and their transmission to offspring (Leduc et al, 2008 ). It has been described that DGC results in a marked reduction in DNA fragmentation (Sakkas et al, 2000; Morell et al, 2004; Chiamchanya et al, 2010) . Our results also indicated a marked reduction in DNA fragmentation when comparing native with DGC sperm (Table 1) . However, we also showed that even after DGC, there is a subgroup of patients with decreased protamine/DNA ratios and increased DNA damage (Table 2; Figure 1 ).
Our observations now provide the basic data on the relation between protamines/DNA ratios and DNA fragmentation measured by the comet assay in DGC sperm of infertile patients. The opportunity is open to further understand the pathogenic mechanisms leading to increased DNA damage in infertile patients and its correlation with other proteomic and epigenetic changes (Martínez-Heredia et al, 2006 de Mateo et al, 2007; Oliva et al, 2008 Oliva et al, , 2009 Arpanahi et al, 2009; Hammoud et al, 2009 ).
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